Implant-associated infections, which are normally induced by microbial adhesion and subsequent biofilm formation, are a major cause of morbidity and mortality. Therefore, practical approaches to prevent implant-associated infections are in great demand. Inspired by adhesive proteins in mussels, here we have developed a novel antibiotic-decorated titanium (Ti) material with enhanced antibacterial activity. In this study, Ti substrate was coated by one-step pH-induced polymerization of dopamine followed by immobilization of the antibiotic cefotaxime sodium (CS) onto the polydopamine-coated Ti through catechol chemistry. Contact angle measurement and X-ray photoelectron spectroscopy confirmed the presence of CS grafted on the Ti surface. Our results demonstrated that the antibiotic-grafted Ti substrate showed good biocompatibility and well-behaved haemocompatibility. In addition, the antibiotic-grafted Ti could effectively prevent adhesion and proliferation of Escherichia coli (Gram-negative) and Streptococcus mutans (Gram-positive). Moreover, the inhibition of biofilm formation on the antibiotic-decorated Ti indicated that the grafted CS could maintain its long-term antibacterial activity. This modified Ti substrate with enhanced antibacterial activity holds great potential as implant material for applications in dental and bone graft substitutes.
Introduction
Hospital-acquired infections have been on the rise in the past decade with staggering numbers. It is reported that about 1.7 million hospitalized patients were afflicted by nosocomial infections in 2002, of which almost 100 000 cases resulted in fatalities [1] . Almost half of nosocomial infections are device-related, with the greatest percentage of cases consisting of implant infections. However, over recent years, there has been a marked increase in demand for implants, especially for dental and bone applications as a replacement for soft and hard tissue [2] . Titanium and titanium-based alloys with excellent properties (load-bearing, low density and biocompatibility) have been widely used as artificial implants in dental, bone replacement and orthopaedic surgery [3] . Nevertheless, there have been some cases of Ti implant failure [4] [5] [6] , which are costly to rectify and are often distressing for the patients.
Microbial infection is one of the main causes of implant failure [4, 5] . During the process of surgery, implants are susceptible to bacterial contamination on skin and mucous membranes [6] . These device-associated infections can progress rapidly as planktonic bacteria first adhere to an implant interface and ultimately evolve into biofilms [7] . Bacteria in the biofilm can reduce metabolic activities, form extracellular polymer matrix to defend against harmful environmental physical and chemical factors, evade host immunological surveillance and hinder the diffusion and permeation of antibiotics [8, 9] . Lack of antibacterial activity on the implant-abutment interface often causes undesirable complications such as oral infections and inflammatory reactions. Additionally, an infection caused by biofilm is not easy to remove, causing the destruction of the adjacent tissue, and implant loosening or even detachment [10] . Therefore, it is critical to reduce and eventually eliminate the infection on the dental/bone implants.
A great deal of research has been focused on preventing biofilm formation onto implant interfaces in recent years [11, 12] . Surface functionalization is a relatively straightforward method for modifying the interfacial properties of medical devices without disrupting the bulk properties of material. It can also prevent device-associated infections in vivo at the implantation sites where antibiotics cannot reach [13] . Many antibacterial polymers [14, 15] , antimicrobial peptides [16, 17] , silver ion [18] and antibiotics [19, 20] have been actively investigated to improve the antibacterial activity of implant materials. Diverse approaches, including physical adsorption and chemical covalent conjugation, have been applied to immobilize antimicrobial materials onto implant interfaces. Antibiotics, such as nitrofurazone [19] and minocycline/rifampicin [21] , were reported to be impregnated onto implant devices. This method can partially reduce bacterial adhesion and biolm formation; however, the antimicrobial effectiveness is largely dependent on the continuous release of the impregnated agents, and their usage may be limited to the short term. Covalent bonding of biocompatible antibacterial agents onto the implant interface appears promising, because agents will not be released, and efficacy can be maintained for long-term application [22] . Typical chemical conjugation methods, on the other hand, require complicated and multi-step procedures such as surface activation or functionalization steps requiring plasma or chemical treatments [23] . Nevertheless, denaturation of bioactive agents by toxic chemicals and multiple reaction steps may restrict their applications in clinic [23, 24] . Therefore, there is a pressing need to develop a non-toxic, facile and effective implant modification method for prevention of infections on the implant interface.
Cefotaxime sodium (CS), a broad spectrum antibiotic, is widely used in treatment of susceptible infections in respiratory tract, skin and skin structure without serious side effects, and it has good activity against Gram-positive and Gram-negative bacteria [25, 26] . Dopamine, a mussel-inspired molecule, can undergo self-polymerization and adhere onto almost any solid surface without surface pre-treatments. More importantly, polydopamine ( pDA) coating can function as an anchor to graft secondary functional biopolymers by thiols and amines via Michael addition or Schiff base reactions [27] [28] [29] . In this study, we present a novel CS-decorated Ti implant with antibacterial activity through adhesive dopamine for the first time. The effects of the CS-decorated Ti on bacteria proliferation and biofilm formation were investigated. Because of the known problems regarding the acquired resistance of bacteria, further comprehensive fabrication and evaluation of various antibiotic-decorated Ti implants are currently underway in our laboratory. The presented facile, green and effective method endows the Ti implant with enhanced antibacterial activity, and the new antibiotic-modified Ti holds great potential for dental/bone implant in clinic.
Material and methods

Materials
Commercial pure titanium (Ti), grade 2, was purchased from Northwest Institute for Non-ferrous Metal Research (Xi'an, China). Dopamine was purchased from Sigma-Aldrich Chemical Co. (MO, USA), and tris[hydroxymethyl]aminomethane (Tris) was supplied from Aladdin Reagent Co., Ltd (Shanghai, China). CS (C 16 H 16 N 5 O 7 S 2 Na) was provided by Amresco Inc. (OH, USA). All other chemicals were of analytical reagent grade and were used as received unless noted. All aqueous solutions were prepared with de-ionized water (DI water).
Immobilization of cefotaxime sodium on the surface of titanium
To prepare CS-decorated Ti with antibacterial activity, Ti substrates were pre-modified with pDA coating, and CS was subsequently immobilized onto the surface of pDA-modified Ti substrates as shown in figure 1 . In brief, prior to surface modification, Ti substrates were cut into discs of 15 mm in diameter and 2 mm thick. These substrates were polished with a series of SiC abrasive papers (400, 1000, 1500, 2000 grit), cleaned ultrasonically for 20 min in baths of acetone, anhydrous ethanol and DI water, respectively, and then dried at 508C overnight. pDA was anchored to the surface of Ti discs as described elsewhere [27, 28] , via immersion of the substrates in a 2 mg ml 21 solution of dopamine (10 mM Tris-HCl buffer, pH ¼ 8.5), and gently shaken overnight in the dark. After this process, these Ti substrates were then rinsed with DI water to remove the unattached dopamine molecules and dried in a stream of nitrogen. Subsequently, the pDA-grafted Ti substrates were treated with CS in 50 mg ml 21 concentration dissolved in 10 mM Tris buffer ( pH ¼ 8.5), and incubated with stirring overnight at room temperature. CS was grafted onto the pDA-coated Ti via reaction between the amino groups in CS and the catechol/quinone groups in pDA through Michael addition and Schiff-base reactions. The possible chemical structure is also shown in figure 1 . The antibiotic-decorated Ti discs were then washed three times with DI water to remove unattached CS molecules and left to air dry before use. The substrates are denoted Ti ( pristine pure titanium), Ti-pDA ( polydopamine-coated Ti) and Ti-pDA-CS (cefotaxime sodium-decorated, polydopamine-coated Ti) in subsequent discussions. The prepared CS-decorated Ti interfaces were subjected to tests as described below.
Surface characterization 2.3.1. Contact angle measurements
Contact angles on the pristine and decorated Ti were measured at room temperature by the sessile drop method using 2 ml DI water droplet in a contact angle measuring device (SL200B, Kono, USA). Additionally, the advancing and receding water contact angles were measured. Six samples in each stage were used to provide an average and standard deviation.
The quantitative analysis and the curve fitting were conducted using the CASAXPS software package.
Scanning electron microscope
The morphology of the unmodified and modified Ti substrates was characterized by using a field-emission scanning electron microscope (FE-SEM, JSM-6701F, JEOL, Tokyo, Japan). All samples were coated by gold for 1 min before SEM observation.
Atomic force microscope
Atomic force microscope (AFM, PI3800/SPA400, Seiko Instruments, Japan) was used in tapping mode (15 mm scanner) in dry condition at ambient temperature to assess morphological characteristics of Ti substrates treated by pDA and CS solutions. Surface roughness (Ra) was also calculated from the roughness profile. Each sample was tested in triplicate to the arithmetic average. For the tapping mode measurement, we used a Si 3 N 4 cantilever with a spring constant of 0.12 N m 21 (Seiko Instruments) for resolution imaging. The scan range was 20 Â 20 mm, and scan rate was 1 Hz. Before AFM measurement, the different Ti substrates were rinsed with ethanol and DI water, and allowed to air dry. 
2.4.
Cell viability assay
The in vitro cytotoxicity of MG-63 cells was assessed using the cell counting kit-8 assay (CCK-8, Dojindo, Japan). After cell counting, MG-63 cells were seeded in 24-well plates (Costar, USA) at a density of 1 Â 10 5 cells per well. After seeding for 24 h, cells were rinsed with phosphate-buffered saline (PBS) buffer, and exposed to the pristine and CS-decorated Ti interfaces. The control groups involved the use of DMEM as negative control and 10% dimethylsulfoxide DMEM as positive control. After incubating for 1, 3, 5 days, respectively, CCK-8 was added into each well for 4 h incubation, then supernatant was transferred to new 96-well cell culture plates. The absorbance value of supernatant optical density (OD) was measured with a microplate reader (model 680, Bio-Rad, CA) at 450 nm wavelength, with a reference wavelength of 630 nm. The cell viability was expressed as a percentage as follows:
2.4.3. Field-emission scanning electron microscope observation of cells
The typical cellular attachment and spread morphologies on the pristine and decorated Ti were evaluated by FE-SEM after Au sputtering. Basically, after 1, 3 and 5 days incubation under the culturing condition mentioned above, the samples with cells were rinsed in PBS buffer and in 2.5% glutaraldehyde solution for 1 h, followed by dehydration with graded ethanol solutions and dried.
Haemocompatibility assessment 2.5.1. Haemolysis tests
Healthy human blood from volunteers containing sodium citrate (3.8 wt%) in the ratio of 9 : 1 was taken and diluted with normal saline (4 : 5 ratio by volume). The pristine Ti and CS-decorated Ti interfaces were dipped in a standard tube containing 10 ml of normal saline that were previously incubated at 378C for 30 min. Then, 0.2 ml of diluted blood was added to this standard tube, and the mixtures were incubated for 60 min at 378C. Similarly, normal saline solution was used as a negative control, and rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140169 DI water as a positive control. After the incubation, all the tubes were centrifuged for 5 min at 3000 rpm, and the supernatant was carefully removed and transferred to a new 96-well plate for spectroscopic analysis by a microplate reader (model 680, Bio-Rad, CA) at 545 nm. In addition, the haemolysis was calculated based on the average of three replicates:
Platelet adhesion
Platelet-rich plasma (PRP) was prepared by centrifuging the whole blood for 10 min at a rate of 1000 r.p.m. The PRP was overlaid atop the decorated Ti plates and incubated at 378C for 1 h. After incubating, all samples were rinsed with PBS buffer three times to remove the non-adherent platelets. The adhered platelets were also fixed in 2.5% glutaraldehyde solutions for 1 h at room temperature followed by dehydration in a gradient ethanol/distilled water mixture (from 25% to 100%) for 15 min each and dried. The interface of platelets attached to the decorated Ti sheets was observed by FE-SEM.
In vitro antibacterial activity assay
In this work, a semi-quantitative measurement of bacterial adhesion on the pristine and decorated Ti was performed via microbial viability assay kit-WST. Escherichia coli (E. coli 1.1369, obtained from China General Microbiological Culture Collection Center, PR China) and Streptococcus mutans (S. mutans UA159, obtained from American Type Culture Collection, USA) were cultivated in Luria-Bertani (LB) medium (containing 10 g l 21 peptone, 5 g l 21 yeast extract and 10 g l 21 sodium chloride) and brain heart infusion medium (containing 10 g l 21 proteose peptone, 2 g l 21 dextrose, 5 g l 21 sodium chloride and 2.5 g l 21 disodium phosphate), respectively. After an overnight culture at 378C, respective colony-forming unit (CFU) counts were determined from the absorbance at 600 nm wavelength using previously established standard curves. The concentrations of E. coli and S. mutans in broth were adjusted to give an initial OD reading of 0.200 and 0.175 at the wavelength of 600 nm, which corresponded to a concentration of 1 Â 10 6 CFU ml
21
. Cells were then centrifuged at 10 000 r.p.m. at 48C (5804R centrifuge, Eppendorf, Germany), and the pellets re-suspended in sterile saline solution. For the bacterial attachment and proliferation assay, the pristine and antibiotic-decorated Ti were sterilized under UV irradiation for 30 min each side, then placed in a 24-well tissue plate (Corning, USA) and covered with two different 40 ml bacterial solutions with about 10 6 CFU ml 21 of the desired strain and 760 ml prepared medium for 4 h-28 days. All samples were kept in an incubator containing 5% CO 2 for desired time at 378C. Meanwhile, the minimum bactericidal concentration of CS solution (32 mg ml 21 ) was added into the above mixture of bacterial solution and culture medium as the control. The medium was changed every 24 h. At scheduled times, substrates were taken out, gently rinsed with PBS three times to remove non-attached bacteria, and placed into new 24-well tissue plate and incubated with 20 ml WST, which produced a water-soluble formazan dye upon reduction by dehydrogenase in cells, and 380 ml medium for another 2 h. Then, OD value (l ¼ 450 nm) of the suspension in each well was measured on a microplate reader (Elx808, Bio-Tek, USA).
Field-emission scanning electron microscope observation of bacteria cells
Bacterial solution of two different bacteria (20 ml) and 2 ml prepared medium were cultured on the pristine and CS-decorated Ti interfaces. The morphologies and numbers of E. coli or S. mutans bacteria cultured with the different Ti interfaces were observed using FE-SEM after 24 h culture. All samples were fixed in 2.5% glutaraldehyde solution in PBS for 30 min and then dehydrated with a series of graded ethanol solutions for SEM testing. Dehydrated samples were dried by a vacuum dryer before sputter-coating with gold using a sputter coater. The number of adherent bacteria was counted at the projected area (magnification 100Â), obtained from five different areas (up, down, left, right and centre) per sample (n ¼ 3).
In vitro anti-biofilm formation assay
Biofilm formation on the interface of the CS-decorated Ti was probed using a confocal laser scanning microscope (CLSM). A LIVE/DEAD BacLight bacterial viability kit (L-7007, Invitrogen, USA) was used to determine the long-term bacterial cell viability on the interfaces. In this assay, the red-fluorescent nucleic acid staining agent propidium iodide, which penetrates only damaged cell membranes, was used to label dead bacterial cells. By contrast, the SYTO9 green-fluorescent nucleic acid staining agent, which can penetrate cells with both intact and damaged membranes, was used to label all the bacterial cells. The bacteria (20 ml bacterial solution and 2 ml prepared medium) were seeded onto the pristine and CS-decorated Ti interfaces followed by incubation at 378C for 7 days. The supernatant was removed, and the substrates were washed with PBS buffer at least three times. They were then incubated in a 24-well plate with 400 ml of a dye-containing solution, which was prepared by adding 6 ml of SYTO (3.34 mM) and 6 ml of propidium iodide (20 mM) to 4 ml of PBS buffer at room temperature in the dark for 15 min, according to the manufacturer's protocol. The stained bacterial cells were examined under a Zeiss LSM510 laser scanning confocal microscope (Germany). Images were obtained using an oil immersed 40Â object lens under the same conditions.
Statistical analysis
All data were expressed as mean standard deviations of a representative three similar experiments carried out in triplicate.
Statistical analysis was performed with ORIGIN software. Student's t-test was used to determine the significant differences among the groups, and p-values less than 0.05 were considered statistically significant.
Results and discussion
Surface wettability analysis
Water contact angle on a substrate can provide information on wettability and surface energy of the substrate and has been widely used to track and evaluate effectiveness of surface modification protocols. The surface wettability of pDA-coated substrates has been well documented previously. For example, the water contact angle of clean glass (11 + 18) increased to 44 + 28 after 24 h of pDA coating, and pDA-coated polyvinylidene fluoride film showed a dramatic decrease in water contact angle [29] . In good agreement with previous reports, the water contact angle on Ti substrates coated with pDA significantly decreased from 64 + 28 to 37 + 38. In addition, immobilization of antibiotic on the pDA-coated Ti surface sharply decreased the water contact angle to 9 + 18, attributed to super-hydrophilicity of CS, which implied that the antibiotic CS was successfully grafted to the Ti surface. The representative water droplet images are depicted in figure 2.
Chemical constituent characterization
To verify the results obtained from the surface wettability assessment, XPS was used to provide direct evidence of the detailed chemical composition on the functionalized Ti. The XPS survey spectra and quantitative XPS analysis results are Carbon, typically present from unavoidable hydrocarbon contamination, was used as an internal reference at 284.6 eV for calibrating peak positions [30] . Successful deposition of pDA on the Ti substrate was indicated by an increase in the N and C contents as shown in table 1. Nitrogen-to-carbon (N/C) ratio was about 0.123 on Ti-pDA which was similar to the theoretical N/C of 0.125 for dopamine [31] . Furthermore, complete suppression of photoelectron peaks unique to Ti 2p confirmed formation of the pDA thin film. Upon attachment of CS on Ti-pDA, notably in the wide-scan spectra, the appearance of sulfur signal (S 2s and S 2p; the electronic supplementary material, figure S1 ) and sodium signal (Na 1s and Na KLL), and the enhancement of nitrogen peaks (N 1s) on the surface of Ti-pDA-CS indicated successful immobilization of the antibiotic. Furthermore, an evident change in carbon bond composition observed in the high-resolution narrow carbon spectra (C 1s) clearly supported these conclusions (figure 3b). The high-resolution C 1s spectrum of the pristine Ti was deconvoluted into three different curves. The binding energies centred at 284.8, 286.5 and 288.8 eV were assigned to the carbon skeleton (-C-C-/-C-H-), hydroxyl group (-C-OH) and carbonyl group (-C¼O), respectively [32, 33] . A broad peak assigned to the -C-Nbond at about 285 eV was recorded on both Ti-pDA and Ti-pDA-CS samples, indicating the presence of pDA and CS. Additionally, after pDA coating, the intensity of the carbon skeleton (-C-C-/-C-H-) peak decreased dramatically, and the peaks of the hydroxyl and carbonyl groups increased as shown in figure 3b. They should be attributed to the catechol/quinone groups of pDA. Compared with those of the Ti-pDA, the peaks of the -C¼O, -C(O)O-and especially -C-N-for the Ti-pDA-CS increased greatly in intensity owing to abundant amide bond (-NH-C¼O) in the structure of CS molecules. Moreover, in the high-resolution N 1s spectra of pDA-coated and CS-decorated Ti surface (the electronic supplementary material, figure S2 ), a peak at about 399.9 eV, which is related to the -CO-NH-bond, was found. In the spectrum of CS-decorated Ti surface, however, a new peak at 401.8 eV was observed, which might correspond to another nitrogen state in CS, further proving the successful CS coating. These results obviously suggested that CS was immobilized on the pDA-coated Ti. Antibacterial copolymers (containing poly(ethylene glycol) (PEG)-based polymers and quaternary ammonium-based polymers) [1, 12, 14, 15, 30, 34] and silver ion [34] were immobilized onto Ti implants using pDA coating in previous studies by other groups and some prospective results were achieved. For example, thiol-terminated methoxy-PEG was used to graft onto pDA-coated substrates, and these modified surfaces exhibited antifouling property against bacterial and mammalian cells [1, 27] . PEG or PEGbased coatings, as a passive strategy, have been of great interest in the drive to develop antifouling surfaces, which rely on physical prevention of bacteria and cell attachment rather than eradicating bacteria [12] . Therefore, PEG-based polymer surfaces do not display good biocompability owing to inhibition of cell attachment. Moreover, decreased antifouling performance of PEG coatings over time is a major issue [14] . Quaternary ammonium-based polymers, biocides, are typically more potent against Gram-positive bacteria such as S. aureus and are less active against Gram-negative bacteria such as E. coli [15, 35] . As for silver ion, extensive silver nanoparticles cause many severe side effects, such as cytotoxicity and internal organ injury [36, 37] . They all face a major challenge in terms of promoting antibacterial properties. Therefore, the development of a novel Ti implant with enhanced antibacterial activity through a green, facile and effective implant modification method is crucial and in great demand.
Surface morphology and roughness
Ti substrates with immobilized pDA and antibiotic were analysed by AFM and SEM to investigate surface morphology and roughness. The unmodified Ti exhibited smooth surface morphology, compared with the modified substrates (figure 4a). Dopamine is known to be polymerized under slightly alkaline conditions (pH 8.5), and polymerized dopamine can be spontaneously deposited onto many types of substrates, including metals and polymers [38, 39] . As shown in figure 4 , SEM and AFM investigations revealed the difference in the surface morphology between Ti, Ti-pDA and Ti-pDA-CS samples. After pDA coating, partial aggregates of polymerized dopamine were found, which confirmed the pDA layer on the Ti surface (figure 4b). In previous work, homogeneous deposition of pDA was achieved in the range of few minutes to 24 h that covered throughout the surface of substrates [27, 28] . As the coating time increased, pDA layer seemed to be thickened by multiple depositions of pDA layers. During prolonged coating process, we observed that polymerized dopamine changed surface morphology (appearance of nanosized aggregates or lumps). Moreover, the surface roughness was determined by AFM. Following dopamine modification, the relative roughness of Ti-pDA increased by about 427% compared with the pristine Ti to average 392.01 nm. Addition of CS slightly increased the surface roughness of the Ti-pDA substrates. Contact angle hysteresis generally correlates with the roughness of the surface [40, 41] . Data in table 2 clearly show significantly higher contact angle hysteresis in pDA-coated Ti surfaces versus pristine Ti control surface, which also suggests significant increase in surface roughness owing to pDA coating. Only slightly higher hysteresis was detected after immobilization of CS. These results are consistent with SEM and AFM analyses.
In vitro cytotoxicity evaluation
The cytotoxicity of the as-prepared antibiotic-decorated Ti to human osteoblast-like MG-63 cells is another important factor that should be carefully evaluated when the novel antibiotic-decorated Ti is used in biological and biomedical applications, such as dental/bone implant. Figure 5 shows the in vitro MG-63 cell viability cultured with the pristine and CS-decorated Ti samples in DMEM for 1, 3 and 5 days, assessed by CCK-8 assay. The viability value increased with time when MG-63 cells were co-cultured with the decorated Ti surface, indicating that functionalization of Ti surface had affected cell proliferation. The viability of cells on Ti-pDA samples for 1 day displayed little statistical differences to the pristine Ti group. However, after incubating for 3 and 5 days, Ti-pDA and Ti-pDA-CS groups displayed higher cell viability than that of the pristine Ti counterparts, even though cells cultured with Ti-pDA and Ti-pDA-CS samples showed no statistical differences in cell viability. These results indicated that the pDA-modified Ti substrates kept a better viability all the time, and that the adhesion of pDA might have a positive influence on the cytocompatibility of the Ti, which was consistent with other previous researches [23, 28] . CS-decorated Ti samples also exhibited the best cytocompatibility among all samples on the fifth day. Thus, it could be concluded that the adhesion of antibiotic CS on the Ti substrate surfaces would present excellent cytocompatibility and better cell viability than the pristine Ti and that CS-grafted Ti implant has great potential for hard tissue replacement and other biological and biomedical applications. A typical overview of MG-63 cell morphologies on the pristine Ti and different functionalized Ti samples for 1, 3 and 5 days is shown in figure 6 . The number of cells attached on each sample increased with the extension of culture time, and MG-63 cells were adhered onto the surfaces and spread pseudopodia to form cell layers on the surfaces at 5 days. Previous reports demonstrated that pDA coating could enhance adhesion and survival of the cells [42, 43] and promote osteogenic differentiation [44] . Compared with that on Ti, higher amount of cells could be observed on Ti-pDA and Ti-pDA-CS. On the interfaces of the Ti-pDA-CS substrates, the cells had healthy spindle shapes, spread with ruffling of peripheral cytoplasm, covered almost the whole surfaces, and flattened with a larger attachment area compared with the cells cultured on the pristine Ti interface, in accordance with CCK-8 results. These observations and results confirm that the adhesion of the pDA and CS on the Ti interfaces could promote cell attachment and growth, and greatly improve the biological activity of the grafted Ti implant. Figure 7b shows the morphologies of human platelets adhering to the pristine Ti and CS-decorated Ti samples after incubation in PRP for 1 h. The number of adhered platelets seemed to be similar for the two different Ti groups, though the shape and activation status of the platelets behaved in a different way. From the enlarged images of
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Ti-pDA-CS rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140169 CS-grafted Ti groups, it could be seen that a cluster of positive platelets with short pseudopodia were scattered (figure 7b(iii)(iv)), and higher haemolysis was detected on the CS-decorated Ti interfaces (figure 7a). On the other hand, round-and smooth-shaped platelets were observed on the interface of the pristine Ti groups. This might be ascribed to the increase of surface roughness of the Ti-based substrates after pDA coating, which was confirmed from SEM and AFM images. The enhancement of surface roughness is proved to lead to higher haemolysis ratio and activation of platelets [45] . However, it was noteworthy that the haemolysis rates for both the pristine Ti and CS-grafted Ti samples stayed much lower than 5%, which is regarded as a biosafety threshold and represents well-behaved haemocompatibility as illustrated in figure 7a.
Antifouling and antibacterial activities
The initial adhesion of bacteria to implant interfaces is the initial and crucial step for biofilm formation, which plays an imperative role in the pathogenesis of infection [46] . The prevention of bacterial adhesion to implanted biomaterials, such as Ti implants, during the early post-implantation period is vital to the efficacy and long-term success of an implant. The investigation of initial bacterial adhesion was carried out on the substrates incubated for 4 h, which was deemed sufficient to reflect the bacterial contact in the early 'decisive period' of implant infection [47] . The semiquantification of viable bacterial cells on the interfaces of the substrates was done via microbial viability assay kit. In order to assess the wide range of antibacterial activity of the CS-decorated Ti interfaces, both Gram-negative E. coli, the most common bacteria in implant infection, and Gram-positive S. mutans, one of the early colonized bacteria in oral biofilm and the major pathogen responsible for dental caries in humans [48] , were selected as the experimental strains. rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140169 both bacteria, demonstrating good antifouling properties of the CS-decorated Ti. At the proliferation stage, the OD value increased with time when two different bacteria were cultured on the pristine Ti interface (figure 8), indicating that pristine Ti implants were prone to bacterial cell proliferation and subsequent infection. However, for both bacteria, there was a clear reduction in the number of adherent cells on the Ti-pDA-CS interfaces. For instance, at 24 h in contact with E. coli the Ti-pDA-CS modified substrates showed more than 97% reduction in bacterial adhesion compared with the pristine Ti. In the case of S. mutans, the Ti-pDA-CS substrates demonstrated similar efficacy (about 96%) in reducing the number of adherent bacteria. More importantly, the number of E. coli and S. mutans on the CS-decorated Ti interfaces did not increase as time went on, which was significantly different from that of the pristine Ti. Moreover, there were no differences in the number of adherent E. coli and S. mutans between Ti-pDA-CS group and control group at each time point, which demonstrated that the CS-decorated Ti interface significantly inhibited bacterial adhesion and proliferation.
To verify the results obtained from the microbial viability analysis, SEM was applied to observe the morphology and number of bacterial cells on the pristine Ti and CS-decorated Ti interfaces. As shown in figure 9 , E. coli displays rhabditi form morphology, whereas S. mutans displays typical coccal or ellipsoid form. A great number of both E. coli and S. mutans cells were found on the pristine Ti interface after 24 h bacterial culture. Compared with the pristine Ti, only a small number of bacterial cells were observed on the CSgrafted Ti interface, in accord with the results from the microbial viability analysis. Additionally, the number of adherent cells counted from SEM on the Ti-pDA-CS samples was significantly less than that on the pristine Ti ones (the electronic supplementary material, figure S3 ). Our results indicate that CS antibiotic retains its biological activity after being immobilized onto the surface of Ti-pDA and exhibits excellent in vitro antibacterial activity no matter whether Gram-negative or Gram-positive bacteria.
Prevention of biofilm formation
Following initial bacterial attachment onto the implantabutment interface, there is a prolonged accumulation phase involving cell proliferation and intercellular interaction followed by biofilm formation. Biofilm formed on surfaces consists of bacteria, their secretion and extracellular polymeric substances (EPS) [49] . EPS produced by biofilms can act as a barrier to protect the bacteria from cellular immune response and antibiotics. Consequently, cells inside the biofilm have a much higher antibiotic tolerance compared with their planktonic counterparts which makes them very difficult to eradicate [50] . In addition to in situ biofilm formation, pathogens with high motility such as S. mutans can migrate along the dental implant interface, adhere and grow on new sites to form new colonies, and subsequently result in whole implant infection, which eventually leads to implant failure and bone loss [7, 51] . Therefore, an effective way to prevent infection is to inhibit biofilm formation on the Ti implant interface, rather than attempt to remove the matured biofilms. To examine further the long-term function of the immobilized antibiotic on the pDA-coated Ti, biofilm formation within 7 days of exposure to E. coli and S. mutans was evaluated and monitored using CLSM. Figure 10 shows CLSM images of 7 day bacterial biofilms on the unmodified and modified Ti interfaces with the LIVE/DEAD BacLight bacterial viability kit. For the pristine Ti interface, extensive E. coli and S. mutans biofilm was formed and reached about 30 mm thickness with visible dead and live bacteria, consistent with SEM analysis. CLSM images show more dead E. coli cells than dead S. mutans cells on the pristine Ti interface with red colour. In sharp contrast, nearly no bacterial cells and no trace of biofilm were found on the CS-decorated Ti interface ( figure 10b,d) . Furthermore, the amount of E. coli and S. mutans on the CS-decorated Ti interfaces remained at very low level (similar to the control) and did not increase with time, even if bacteria were cultured on the interfaces for almost one month as shown in the electronic supplementary material, figure S4 , suggesting that the antimicrobial effectiveness of Ti-pDA-CS implant can be preserved for an extended period of time. CS is a semi-synthetic cephalosporin derivative belonging to the third-generation cephalosporins. Owing to its broad antibacterial activity and its high resistance to beta-lactamases, it is widely used for the treatment of patients with serious infections [52, 53] . CS does not have serious side effects, has not caused bleeding, coagulopathy or disulfiram-like reactions [54, 55] and is not nephrotoxic in humans at the therapeutic dosage [56] . Therefore, the remarkable safety record of CS is an important consideration for clinicians in the selection of an antimicrobial agent for seriously ill patients. It is currently believed that the antimicrobial mechanism of CS is ultimately dependent on the inhibition (acylation) of one or more of the bacterial penicillin-binding proteins (PBPs). The inhibition of PBPs hinders the synthesis of glycopeptide, which plays a crucial role in the formation of the cytoderm, thus resulting in bacterial cell rupture [57, 58] . As a consequence, our innovative CS antibiotic immobilization using mussel-inspired pDA coating is able to confer enhanced short-term and long-term antimicrobial activity to the modified Ti substrate that is important in reducing bacterial contamination during dental implantation.
Conclusion
In summary, a novel antibiotic-decorated Ti substrate (or implant) with enhanced antibacterial activity has been prepared by immobilization of dopamine on the surface of Ti substrate followed by one-step self-polymerization of dopamine, and the tethering of CS, a widely used antibiotic, via catechol chemistry. XPS and static contact angle confirmed that CS was successfully grafted onto the pDA-coated Ti. After 72 h incubation, the CS-decorated Ti induced good in vitro antibacterial activity toward E. coli and S. mutans, Gram-negative and Gram-positive bacteria, respectively. More importantly, long-term effectiveness of the grafted CS was maintained and biofilm formation was inhibited on the interface of CS-decorated Ti with good biocompatibility and without causing significant haemolysis. Overall, compared with the pristine Ti, the CS-decorated Ti interface displayed excellent short-term and long-term antibacterial activity and could be a good candidate for dental implant and bone graft substitutes. We believe that this facile biomimetic method could offer a promising strategy for fabrication of different antibiotic-decorated Ti implants with immobilization of other antibiotics or combination of antibiotics to defend against acquired antibiotic-resistant bacteria.
